Two masked priming experiments examined behavioural and event-related potential responses to simplex target words (e.g., flex) preceded by briefly presented, masked, derived word primes (flexible-flex), complex nonword primes formed by an illegal combination of the target word and a real suffix (flexify-flex), and simplex nonword primes formed by adding a nonsuffix word ending to the target (flexint-flex). Subjects performed a lexical decision task. Behavioural results showed that all prime types significantly facilitated target recognition. Priming effects were reflected in the electrophysiological data by reduced N250 and N400 amplitudes, and these priming effects were statistically equivalent for the three types of prime. The strong priming effects found with simplex primes in the present study, compared with prior research, are thought to be due to the combination of targets always being completely embedded in prime stimuli plus the reduced lexical inhibition that arises with nonword primes. In line with prior behavioural research, however, there was evidence for differential priming effects as a function of prime type in the N400 ERP component in Experiment 2, with greater priming effects for derived and pseudocomplex primes relative to simplex primes at lateral posterior electrode sites.
complex words are subject to decomposition prior to lexical access during reading comprehension. According to this approach, morphological relations between words determine the nature of form representations that intervene between initial prelexical processing and access to whole-word form representations and meaning. Morphological relations between words could also determine the nature of semantic representations and their connectivity with whole-word form representations (e.g., Giraudo & Grainger, 2000 , 2001 .
The presence of a superficial morphological structure in certain morphologically simple words (e.g., ''corner'', which can be incorrectly decomposed into CORN'ER) has been exploited in recent years in order to investigate the role played by form-based and meaning-based morphology. Such pseudocomplex words can be contrasted with semantically transparent complex words of similar structure (e.g., farmer), and with simplex words that have an embedded pseudoroot but no morphological structure (e.g., scandal, with the embedded word ''scan'' followed by a nonmorphological ending ''-dal'').
1 A typical priming manipulation would involve first presenting the complex (or pseudocomplex, or orthographic control) prime stimulus followed by the stem target. Target recognition in these three types of related prime condition is then compared with performance when primes are unrelated to targets, providing a measure of priming. In this way, differences in the magnitude of priming effects across the three types of prime stimulus can reveal the relative influence of form and meaning-based morphology.
One key experimental finding is that semantically opaque primes produce significant priming whereas orthographic control primes generally do not (Diependaele, Sandra, & Grainger, 2005 Gold & Rastle, 2007; Lavric, Clapp, & Rastle, 2007; Longtin, Segui, & Halle, 2003; McCormick, Rastle, & Davis, 2008; Rastle, Davis, Marslen-Wilson, & Tyler, 2000; Rastle, Davis, & New, 2004) . Furthermore, these opaque priming effects are only present with short prime durations (Dominguez, Segui, & Cuetos, 2002; Rastle et al., 2000 Rastle et al., , 2004 . This is clear evidence for a form of automatic morphoorthographic decomposition operating during the early phases of visual word recognition that is sensitive to the superficial morphological structure of strings, but blind to the semantic consequences of the decomposition. This process of prelexical morpho-orthographic decomposition is illustrated in Figure 1 , which describes a hybrid approach to the representation and processing of complex words (see Diependaele et al., 2009) . Figure 1 illustrates how such morpho-orthographic decomposition might influence 1 Note that in psycholinguistic research, pseudocomplex words (e.g., corner) are typically put in the same category as semantically opaque morphologically complex words (e.g., department) as both lack a transparent semantic relationship between the stem and the whole-word.
the processing of various types of complex stimuli (e.g., farmer, corner, cornity) relative to the processing of simplex stimuli (e.g., scandal, cornire).
One key prediction of this general approach is that prelexical morphoorthographic decomposition should operate irrespective of the lexical status of prime stimulus. In other words, complex nonword primes (e.g., CORNITY, composed of the legal stem CORN and the legal suffix ITY) should prime their embedded stems (CORN) as much as complex real word primes (e.g., CORNER) whereas simplex nonword primes (e.g., CORNIRE) should not. This prediction was tested by Longtin and Meunier (2005) with nonword primes and their results were in line with the prediction. In French, the language used by Longtin and Meunier, complex nonword primes facilitated recognition of the embedded stem, whereas simplex nonword primes did not. Within the theoretical framework shown in Figure 1 , the priming effect for complex nonwords (''cornity'' as an example in English) arises from the automatic prelexical decomposition of the prime stimulus into its component morphemes (''corn'', ''ity'') .
One key feature of the model depicted in Figure 1 , is the modulation of lateral inhibitory connections between whole-word form representations as a function of their semantic compatibility. This is hypothesised to be one source of semantic transparency effects in masked morphological priming (Morris, Holcomb, & Grainger, 2008) . 2 More precisely, it is hypothesised that there is reduced competition between words that have both a morphological and a semantically transparent relation, as indicated by the dashed inhibitory connection between ''farmer'' and ''farm'' in Figure 1 , compared with the solid inhibitory connections between ''corner'' and Figure 1 . A model of morphological processing showing how semantically transparent complex words (farmer), pseudocomplex words (corner), simple words (scandal), complex nonwords (cornity), and simplex nonwords (cornires) are represented at the letter, sub-lexical form, lexical form, and meaning levels in the lexicon. Excitatory connections are represented by arrows and inhibitory connections by circles. The dashed inhibitory connection between ''farmer'' and ''farm'' represents the modulation of lateral inhibition by semantic transparency. ''corn'' and ''scandal'' and ''scan''. According to this general account, nonword primes (e.g., cornity-corn, cornire-corn) will not be subject to the same inhibitory influences, and should therefore produce even stronger facilitatory priming effects than real word primes. Evidence for such differences in priming effects from nonword and real word primes has been shown previously in behavioural research (Davis & Lupker, 2006; Segui & Grainger, 1990) , and with ERPs (Massol, Grainger, Dufau, & Holcomb, 2010) . Primes that are real word orthographic neighbours tend to inhibit target word recognition compared with unrelated primes, whereas nonword orthographic neighbour primes tend to produce the opposite effect.
ERPS AND MASKED MORPHOLOGICAL PRIMING
In recent years, researchers using behavioural data to test hypotheses about the representation and processing of words have begun to supplement these data with those of other methodologies such as scalp recorded event-related potentials (ERPs). Grainger and Holcomb (2009) have proposed a mapping of the ERP components observed in their masked repetition priming experiments onto component processes in a functional architecture for word recognition. A series of ERP components, whose amplitudes are modulated by priming, appear to reflect processing that proceeds from visual features to orthographic representations and finally to meaning (Grainger & Holcomb, 2009; Massol et al., 2010) . The interpretative framework developed by Holcomb and Grainger is shown in Figure 2 . Figure 2 illustrates a tentative mapping of ERP components obtained with the masked priming procedure onto the component processes of a generic interactiveÁactivation model of word recognition (the bi-modal interactiveÁactivation model; Diependaele, Ziegler, & Grainger, in press; Grainger & Holcomb, 2009; Grainger & Ziegler, 2007; . On presentation of a printed word, visual features are mapped onto prelexical orthographic representations (letters and letter clusters: O-units), which are subsequently mapped onto whole-word orthographic representations (O-words) and at the same time onto prelexical phonological representations via the central interface between orthography and phonology (OUP). Whole-word form representations then send activation onto semantic representations (S-units).
Focusing on the ERP components of interest for the present study, the N250 is hypothesised to reflect the mapping of prelexical orthographic representations onto whole-word orthographic representation. Within the general framework of interactiveÁactivation, this mapping process involves the transfer of activation (feed-forward and feed-back) from letter and letter cluster representations to whole-word representations, and therefore indexes the initial build-up of activation at the lexical level and the stabilisation of activation at the sublexical level. The N400 (at least in its early phase, N400w) is hypothesised to reflect the mapping of lexical form onto meaning (later effects could reflect integration across semantic representations*labeled as N400c in Figure 2 ). Again, translated into the mechanics of interactiveÁactivation, this mapping process reflects the transfer of activation from whole-word representations to semantic representations and therefore indexes the initial phase of activation of semantic representations and the stabilisation of activation at the level of whole-word units.
How does the latency and amplitude of these ERP components reflect changes in the underlying processes? Our initial attempts at bridging the gap between model and data suggest that the amplitude of the ERP components obtained in the masked priming paradigm at least partly reflect ease of target processing (see Grainger & Holcomb, 2009 , for a recent review). For the two negative-going components of interest in the present study (N250 and N400), unrelated prime stimuli have systematically been found to generate more negative-going waveforms than related prime stimuli (Chauncey, Holcomb, & Grainger, 2008; Dufau, Grainger, & Holcomb, 2008; Grainger, Kiyonaga, & Holcomb, 2006; Kiyonaga, Grainger, Figure 2 . ERP masked priming effects mapped onto a bi-modal interactiveÁactivation model, highlighting the two components of interest in the present study*the N250 and N400. The model has been turned on its side to better accommodate the temporal correspondence with ERP effects, and the auditory pathway has been dimmed. See main text for a description of the model, and Grainger and Holcomb (2009) for a more detailed analysis. Midgley, & Holcomb, 2007) . We would therefore tentatively associate greater negativity of these components with increased difficulty of target processing.
3
The apparent sensitivity of the N250 to prelexical processing suggest that it can be productively used to investigate the early morpho-orthographic segmentation of morphologically complex stimuli. Several recent studies combining masked priming with ERP recordings have demonstrated the sensitivity of the paradigm to morphological structure (Lavric, Clapp, & Rastle, 2007; Morris, Frank, Grainger, & Holcomb, 2007 , Morris et al., 2008 Rastle et al., 2004) . Most relevant for the present study are the findings of Morris et al. (2008) , i.e., a widespread priming effect in the early phase of the N250 for both morphologically related semantically transparent and semantically opaque morphological primes, but a dissociation between semantic and opaque primes in the late phase of the N250. These data support the hypothesis that early in visual word recognition there is a process of morpho-orthographic segmentation that operates independently of the semantic relatedness of the embedded root and the whole-word form. Semantic transparency started to have an influence in the later phase of the N250 in this study, in line with the model depicted in Figure 1 and the interpretative framework shown in Figure 2 , where the earliest effects of semantic transparency occur at the level of whole-word representations via the modulation of lateral inhibitory influences. Also in line with this account is the evidence for semantic transparency effects in the N400 ERP component (Morris et al., 2007) and in behavioural studies (Diependaele et al., 2005 (Diependaele et al., , 2009 Feldman, O'Connor, Del Prado Martín, 2009 ), since semantically transparent primes activate meaning representations that are compatible with the prime, whereas opaque primes do not.
THE PRESENT STUDY
In the present study we provide a further investigation of priming effects from morphologically complex nonword primes, building on prior 3 The tentative mapping of ERP components onto component processes in word recognition, illustrated in Figure 2 , would appear to stand in contradiction with reports of early influences of lexical (i.e., word frequency) and semantic variables on ERPs (e.g., Dell'Acqua, Pesciarelli, Jolicoeur, Eimer, & Peressotti, 2007; Hauk, Davis, Ford, Pulvermü ller, & Marslen-Wilson, 2006; Hauk & Pulvermü ller, 2004) . There are two possible reasons for this apparent discrepancy. One is that the masked priming procedure, used in our studies, produces an overall slowing down of target word processing (a general interference from prime and masking stimuli against which prime relatedness effects emerge). Therefore, our timing estimates will be longer compared with studies using unprimed word recognition. The other possible reason is that major ERP components, such as the widely distributed N250 and N400, may reflect the bulk of processing at a given level of representation (or perhaps resonant activity across two adjacent levels), and not the fastest feedforward processes. behavioural research on this topic (Longtin & Meunier, 2005) as well our prior research combining masked priming and ERP recordings. We compare priming effects from semantically transparent derived prime words (e.g., farmer-farm) with priming effects from morphologically complex nonword primes (e.g., cornity-corn) and simplex nonwords with an embedded word at their beginnings (e.g., cornire-corn). We expect the complex nonwords to generate priming effects at least as strong as the complex real word primes, and both of these conditions should generate stronger priming than the simplex nonwords. The time-course of these different priming effects will be investigated by measuring their impact in the two major ERP components seen in our prior masked priming research (N250, N400) thought to reflect the gradual transition from prelexical form representations to semantics via whole-word representations (Grainger & Holcomb, 2009; .
EXPERIMENT 1
In the study reported here, we examined the effects produced by the short masked presentation of existing derived words, complex nonwords, and simplex nonwords on the recognition of their roots or pseudoroots. Given the results of prior behavioural and ERP research, we expect to see effects of lexical status and morphological complexity in the N250 component. The morpho-orthographic decomposition hypothesis predicts that the effects of complex nonword primes should be equivalent to the effects of true derived word primes on the one hand, and differ from those of simplex nonword primes on the other. Within the specific framework described in Figures 1  and 2 , if semantic transparency effects are mostly driven by lateral inhibitory interactions between whole-word representations, then there should be little difference between pseudocomplex (cornity) and true derived primes (farmer) in any ERP components. Differences with respect to the orthographic control condition (i.e., simplex nonword primes: cornire) will depend on the extent to which prelexical morpho-orthographic decomposition has an influence in the absence of lateral inhibitory effects.
Method Participants
The participants for this study were 33 adults (20 women). The electrophysiological and behavioural data from eight participants were excluded from analysis, four because of excessive eye movement artifact and four for error rates greater than 30%. All participants were recruited from the Tufts University community and paid for their participation. The participants ranged in age from 18 to 26 years (mean 20.5 years). All were right-handed native English speakers with normal or corrected-to-normal vision, and none reported any linguistic or neurological impairment.
Stimuli
The stimuli for this study consisted of 1,200 prime-target pairs in which the target was a simple root (e.g., flex) and the prime was either a morphologically related complex word (e.g., flexible), a morphologically related complex nonword (e.g., flexity), an orthographically related nonword (e.g., flexire), or an unrelated complex word (e.g., painter). We created the stimuli by selecting 300 roots and 17 bound suffixes from the CELEX English database (Baayen, Piepenbrock, & Gulikers, 1995;  see Appendix 1). We then combined each root with either a permissible suffix to form an existing derived word (e.g., ''good'''''-ness'' ''goodness'') or with an impermissible suffix to form a morphologically complex nonword (e.g., ''cool'''''-age'' ''coolage''). We also selected 17 existing nonmorphemic word ending*matched in length with the suffixes*which were combined with the roots to form nonmorphological nonwords (e.g., ''corn''' ''-ire'' ''cornire''). Average frequencies per million for roots and derived words were 13.3 and 71.7, respectively. The mean suffix type frequency was 541.9, and the mean suffix token frequency, i.e., the summed frequency of all words with that ending, was 831,19.1. The mean type frequency of the nonsuffix endings was 72.1, and the mean token frequency was 46,385.8. We also measured the productivity of the suffixes and nonsuffix endings by counting the number of words with that ending having a frequency of one (Baayen, 1994) . For suffixes, the mean productivity score was 44.6, while for nonsuffixes the mean productivity score was four. Suffixes and nonsuffixes differed in type frequency, F(1, 32)07.8, pB.01, and productivity, F(1, 32)04.6, pB.05, but did not differ not in token frequency, F(1, 32)00.00, p.3. The mean length in number of letters for targets and primes were 4.8 and 7.5, respectively.
We constructed five lists consisting of 240 prime-target pairs. In each list there were 60 roots preceded by related complex words, 60 roots preceded by related morphologically complex nonwords, 60 roots preceded by related nonmorphological nonwords and 60 roots preceded by unrelated complex words. Each participant saw each item in only one condition, but each item appeared in all four conditions within a group of five participants. This reduced the possibility of item specific confounds.
Of the 240 experimental prime-target pairs, 180 were related pairs and 60 were unrelated. Therefore, as fillers, we added 120 unrelated pairs with word targets to equate the number of related and unrelated pairs. As the task was lexical decision, we also added 360 pairs with nonword targets. All nonword targets were created by changing one or two letters of an existing word, ensuring that the nonword created in this fashion adhered to the phonotactic rules of English. Of these 360 pairs with nonword targets, 60 were related derived word/nonword pairs, 60 were related pseudocomplex word/nonword pairs, 60 were orthographically related word/nonword pairs, and 180 were unrelated word/nonword pairs. Thus each list consisted of a total of 720 prime-target pairs with equal numbers of word and nonword targets and equal numbers of related and unrelated pairs.
Procedure
Participants were seated in a comfortable chair is a darkened room at a distance of 140 cm from the computer monitor. Each testing session began with a short practice block, followed by the experimental block. Participants were told that they would see a string of letters appear on the screen and they were instructed to decide whether the stimulus was a valid English word or not and respond as quickly and as accurately as possible by pressing one of two response keys, with either the right or left hand. The keys were counter balanced across participants. Visual stimuli were presented on a 19-inch monitor, with a diagonal viewable screen size of 18 inches, and a width of approximately 14.5 inches, set to a refresh rate of 100 Hz (which allows 10 ms resolution of stimulus control). Stimuli were displayed at high contrast as white letters (Verdana font) on a black background. Each letter was 40 pixels tall by 20 pixels wide. The screen resolution was 800 by 600 pixels, and the visual angle subtended by stimuli (3Á9 characters) ranged from 1.1 to 3.25 degrees. Primes were presented in lower case letters for 50 ms preceded by a 500 ms random consonant mask. The mask shared no letters in common with the target or with the prime. The target was presented immediately after the prime in upper case letters for 300 ms followed by a 900 ms ISI.
Recording procedure
The electroencephalogram (EEG) was recorded from 29 active tin electrodes held in place on the scalp by an elastic cap (Electrode-Cap International). In addition to the 29 scalp sites, additional electrodes were attached to below the left eye (to monitor for vertical eye movement/blinks), to the right of the right eye (to monitor for horizontal eye movements), over the left mastoid bone (reference) and over the right mastoid bone (recorded actively to monitor for differential mastoid activity). All EEG electrode impedances were maintained below 5 kv (impedance for eye electrodes was less than 10 kv). The EEG was amplified by an SA Bioamplifier with a bandpass of 0.01 and 40 Hz and the EEG was continuously sampled at a rate of 200 Hz throughout the experiment.
Data analysis
We calculated the mean voltage in each of 3 two windows (225Á325 ms, and 375Á475 ms after target onset), relative to a 100 ms preprime baseline. These time epochs were chosen by visual inspection of the ERP waveforms, and because they correspond roughly to the latency ranges that have been found for the N250, and the N400 in prior research using masked priming albeit shifted later in time about 25 ms, although the reasons for this shift are unclear. In addition, based on previous research showing a division of the N250 into early and late components, we also measured mean voltage amplitudes in two equal intervals corresponding to an early (225Á275 ms) and a late (275Á325 ms) phase. Critical trials to which participants had responded incorrectly were discarded, as were trials characterised by excessive EOG artifact, and those with response times greater than 1,200 ms. This resulted in 12.3% of trials being discarded, a percentage that did not vary significantly across experimental conditions, F(3, 72)01.1, p.3.
We analysed the electrophysiological data with four separate repeated measures ANOVAs (see Figure 3 ). The first ''midline'' ANOVA included a single anterior/posterior ELECTRODE SITE factor with five levels (FPz vs. Fz vs. Cz vs. Pz vs. Oz); the three other analyses included sites located at three bilateral columns running along the rostralÁcaudal axis. These three analyses involved an anterior/posterior ELECTRODE SITE factor with either three (Lateral Column 1-FC1/FC2 vs.C3/C4 vs. PC1/PC2), four for targets preceded by derived, pseudocomplex, orthographic, and unrelated primes. *Difference from the unrelated condition significant at p0.05; **Difference from the unrelated condition was significant at p0.01.
(Lateral Column 2-F3/F4 vs. FC5/FC6 vs. CP5/CP6 vs. P3/P4) or five levels (Lateral Column 3-FP1/FP2 vs. F7/F8 vs. T3/T4 vs. T5/T6 vs. O1/O2), as well as a HEMISPHERE factor (Left vs. Right). All four ANOVAs included the factor PRIMETYPE with four levels*Derived, Pseudocomplex, Orthographic, and Unrelated. LIST was included as a dummy variable. We only report results concerning the main effects of the experimentally manipulated factor PRIMETYPE, and the interaction of this factor with the topographic factors ELECTRODE SITE and HEMISPHERE. The alpha level was set at 0.05.
We analysed the reaction time and error rate data with a repeated measure ANOVA including the factor PRIMETYPE with four levels, Derived, Pseudocomplex, Orthographic, and Unrelated. As with the analysis of the electrophysiological data, LIST was included as a dummy variable. Any responses that were longer than 1,200 ms were excluded from analyses.
For both the electrophysiological and the behavioural data, the GeisserÁ Greenhouse correction was applied when evaluating effects with more than one degree of freedom.
Results

Behavioural data
The reaction time data showed that all related prime types primed their targets (see Table 1 ). There was a main effect of PRIMETYPE in both the subjects and items analyses, F subj (3, 60)010.1, pB.001; F itm (3, 897)039.82, pB.001. Follow-up analyses showed that the main effect of PRIMETYPE was due to response times to targets preceded by derived, t(1, 24)05.3, p0 .001, pseudocomplex, t(1, 24)02.7, p0.013, 4 and orthographic, t(1, 24)0 3.7, p0.001, primes being all significantly faster than response times to targets preceded by unrelated primes.
The error data also showed a main effect of PRIMETYPE, F subj (3, 60)0 8.8, pB.001; F itm (3, 897)05.099, p0.002. Follow-up analyses showed that there were fewer errors to targets preceded by derived and pseudocomplex primes than to targets preceded by unrelated primes. This effect was significant for the derived primes, t(1, 24)03.5, p0.002, but only marginally so for the pseudocomplex primes, t(1, 24)01.9, p0.065. Errors to targets preceded by orthographic primes did not differ from those to targets preceded by unrelated primes (p.4). Errors to target preceded by derived primes also differed from those to targets preceded by pseudocomplex, t(24)03.1, p0.005, and orthographic, t(24)04.1, pB.001, primes.
Electrophysiological data
N250 time window. Between 225 and 325 ms after target onset, across all four analysis columns, we found a significant main effect of PRIMETYPE [Midline: F(3, 60)06.0, p0.002; Lateral Column 1: F(3, 60)06.9, p0.001; Lateral Column 2: F(3, 60)04.9, p0.005; Lateral Column 3: F(3, 60)04.2, p0.01] as well as a significant PRIMETYPE by ELECTRODE SITE interaction at midline sites, F(12, 240)02.6, p0.04. There were no other significant interactions involving the factor PRIMETYPE (all ps.05).
Follow-up analyses conducted to clarify the source of the main effect of PRIMETYPE revealed that responses to targets preceded by unrelated primes were more negative in this epoch than those to targets preceded by either derived [Midline: F(1, 24)09.2, p0.006; Lateral Column 1: F(1, 24)08.8, p0.007; Lateral Column 2: F(1, 24)06.5, p0.017; Lateral Column 3: F(1, 24)06.6, p0.017], pseudocomplex [Midline:F(1, 24)010.5, p0.003; Lateral Column 1: F(1, 24)013.3, p0.001; Lateral Column 2: F(1, 24)08.3, p0.008; Lateral Column 3: F(1, 24)07.2, p0.013] or orthographic [Midline: F(1, 24)020.8, pB.001; Lateral Column 1: F(1, 24)022.5, pB .001; Lateral Column 2: F(1, 24)015.6, p0.001; Lateral Column 3: F(1, 24)09.4, p0.005] primes. Derived, pseudocomplex and orthographic primes did not differ significantly from each other (all ps.1).
Visual inspection of the waveforms suggested, and planned comparisons confirmed, that the PRIMETYPE by ELECTRODE SITE interaction that we found in the analysis of midline sites resulted from the presence of a priming effect for derived primes at all sites [unrelated vs. derived Visual inspection of the N250 epoch suggested that effects might differ in the earlier and later portions of the epoch and recent studies have found distinct patterns of priming effects in a division of the N250 into early and late sub-components. Therefore we divided this epoch into two equal intervals corresponding to an early (225Á275 ms) and a late (275Á325 ms) phase. The pattern of effects seen in both the early and late N250 time windows mirrored that of the overall N250 analysis, and there were no notable differences in these two time windows. N400 time window. Between 375 and 525 ms after target onset, across all four analysis columns, we found a significant main effect of PRIMETYPE [Midline: F(3, 60)010.7 pB.001; Lateral Column 1: F(3, 60)012.0, pB .001; Lateral Column 2: F(3, 60)011.2, pB.001; Lateral Column 3: F(3, 60)04.3, p0.015] as well as a significant PRIMETYPE by ELECTRODE SITE interaction [Midline: F(12, 240)011.3, pB.001; Lateral Column 1: F(6, 120)05.9, p0.001; Lateral Column 2: F(9, 180)08.6, pB.001; Lateral Column 3: F(12, 240)09.4, pB.001]. There were no other significant interactions involving the factor PRIMETYPE (all ps.05).
Follow-up analyses conducted to clarify the source of the main effect of PRIMETYPE revealed that responses to targets preceded by unrelated primes were more negative in this epoch than those to targets preceded by either derived .001] primes. Derived, pseudocomplex and orthographic primes did not differ significantly from each other (all ps.05), although the difference between the derived and orthographic conditions was marginally significant at midline sites, F(1, 24)04.2, p0.051. The PRIME-TYPE by ELECTRODE SITE interaction was due to the centro-parietal distribution of the effect, with greater differences between responses to unrelated and related targets at centro-posterior sites compared with anterior sites (Figure 4 and 5).
Summary of results
The electrophysiological data showed an N250 and an N400 effect for all related primes. In both the N250 and N400 epochs, responses to targets preceded by unrelated primes were more negative than those to targets preceded by derived, pseudocomplex or orthographic primes. Behavioural data showed the same pattern, with all related primes generating shorter RTs than the unrelated primes. However, there was some evidence for an advantage for complex and pseudocomplex primes in the error data.
Visual inspection of the N250 epoch suggested that effects might differ in the earlier and later portions of the epoch and recent studies have found distinct patterns of priming effects in a division of the N250 into early and late sub-components. Therefore we divided this epoch into two equal intervals corresponding to an early (225Á275 ms) and a late (275Á325 ms) phase. However, we found no differences; in both the early and late phases of the N250, unrelated targets were more negative than targets preceded by either derived, pseudocomplex or orthographic primes. 
EXPERIMENT 2
In Experiment 1, although related primes were of three types*derived, complex nonword (pseudocomplex), or simplex nonword (orthographic), unrelated primes were always real derived words. Therefore we conducted another study in which the unrelated primes, like the related primes, were also derived real words, complex nonwords or simplex nonwords. This design resulted in a better match of related and unrelated primes and allowed us to ensure that the findings in Experiment 1 were not an artifact of differences in word type across related and unrelated primes. Moreover, the design in which all unrelated primes in one list were used as related primes in another list ensured that any differences between related and unrelated items*for any prime type*could not be due to individual items differences. Figure 5 . The spatial distribution of the priming effects found in the N250 and N400 time windows at the scalp surface for the derived (top), pseudocomplex (middle), and orthographic (bottom) conditions in Experiment 1. These maps were formed from difference waves calculated by subtracting each related condition from the unrelated condition. At the bottom of the figure is depicted the difference waveforms for unrelated minus related targets for the derived (dashed line), pseudocomplex (dotted line), and orthographic (solid line) conditions at electrode site Pz.
Methods
Subjects
As in Experiment 1, participants in Experiment 2 were recruited from the Tufts University community and were paid for their participation. All subjects had normal or corrected to normal vision, did not report any linguistic or neurological condition, and were right handed, native English speakers. Experiment 2 had 30 participants (17 females) who ranged in age from 17 to 26 (mean of 19.7). We excluded the data of three subjects, two for excessive eye movement artifacts and one for an error rate greater than 30%.
Stimuli
The experimental stimuli for Experiment 2 were 2,160 prime-target pairs. Sixty roots and six suffixes from the CELEX database (Baayen et al., 1995) and six nonmorphemic existing word endings, matched in length to the suffixes, were added to those from Experiment 1 to give 360 roots, 23 bound suffixes and 23 nonsuffix word endings (see Appendix 2). The primes were formed in the same way as in Experiment 1, by combining the roots with each of one of the three types of endings; real suffixes to give real derived words, real suffixes to give complex nonwords, and nonsuffix endings to give the simplex nonwords. In Experiment 2, the unrelated primes were of the same three types as the related words, that is, real derived words (Derived), complex nonwords (pseudocomplex), and simplex nonwords (orthographic).
Average frequencies per million taken from the CELEX database were 72.3 for the roots and 12.0 for derived words. The mean type frequency of the suffixes was 477.1 and the mean token frequency was 66,823.7. The mean type frequency of the nonsuffix endings was 60.6 and the token frequency was 37,089.0. The mean productivity of the suffixes was 36.6 and that of the nonsuffixes was 3.1. The suffixes and nonsuffixes differed in type frequency, F(1, 44)010.6, pB.01, and productivity, F(1, 44)05.5, pB.05, but not in token frequency, F(1, 44)01.1, p.2. The mean length of targets was 4.8 letters and that of primes was 7.6 letters.
Nine stimulus lists were constructed so that each target appeared in each condition once among the nine lists, no list contained any repeated primes or targets, and all unrelated primes in one list were used as related primes in another list so that across participants the same items appeared as primes in the related and unrelated conditions. Each list contained 240 experimental items, 120 related items, and 120 unrelated items, all with real word targets. To these items, 240 word pairs were added with nonwords targets. As in Experiment 1, nonword targets were created by changing one or two letters of existing words. Each nonword prime was preceded by a related or unrelated prime that was derived, pseudocomplex or orthographic with 40 prime-target pairs in each condition, just as for real word targets.
Procedure
The behavioural data collection and electrophysiological recording procedures were identical to those of Experiment 1.
Data analysis
We calculated the mean voltage in each of two time windows (200Á300 ms and 350Á450 ms after target onset), relative to a 100 ms preprime baseline. These time epochs were chosen both by visual inspection of the ERP waveforms, and because they correspond to the latency ranges that have been found for the N250, and the N400 in prior research using masked priming. They also correspond to the latencies of ERP peaks prominent in the waves seen at many sites. Unlike in Experiment 1, these were not shifted in time. In addition, as in Experiment 1, we also measured mean voltage amplitudes in two equal intervals corresponding to an early (200Á250 ms) and a late (250Á 300 ms) phase. Critical trials to which participants had responded incorrectly were discarded, as were trials with response times greater than 1,200 ms, and those characterised by excessive EOG artifact. The percentage of trials that were discarded because of excessive EOG artifact (6.96%) did not vary significantly across experimental conditions, F(5, 156)00.27, p.9.
As in Experiment 1, we analysed the electrophysiological data with four separate repeated measures ANOVAs, the first including the midline sites and the three other analyses including sites located at three bilateral columns running along the rostralÁcaudal axis (see Figure 6 ). In the current analyses, we also had two nontopographic variables, RELATEDNESS (related, unrelated), and PRIME TYPE (derived, pseudocomplex, and orthographic).
All four ANOVAs included an ELECTRODE SITE factor identical to that of Experiment 1, as well as the two-level factor RELATEDNESS (related vs. unrelated) and the three-level factor PRIMETYPE (derived vs. pseudocomplex, vs. orthographic). As in Experiment 1, all three lateral column ANOVAs included the factor of HEMISPHERE (left vs. right). LIST was included as a dummy variable. We only report results concerning the experimentally manipulated factors PRIMETYPE and RELATED-NESS and the interaction of these factors with the topographic factors ELECTRODE SITE and HEMISPHERE.
We analysed the reaction time and error rate data with a repeated measure ANOVA including the factors PRIMETYPE with three levels, derived, pseudocomplex, and orthographic and RELATEDNESS with two levels, Related and Unrelated. As with the analysis of the electrophysiological data, LIST was included as a dummy variable and responses longer than 1,200 ms were excluded from the analysis. For both the electrophysiological and behavioural data, the GreenhouseÁGeisser correction was applied when evaluating effects with more than one degree of freedom.
Results
Behavioural data
The behavioural data showed an effect of RELATEDNESS in both the reaction times and error rates (see Tables 2 and 3 ). There was a main effect of RELATEDNESS for reaction times in both the subjects and items analyses, F subj (1, 18)016.7, p0.001; F itm (1, 347)020.38, pB.001, with reaction times to targets in the related condition being faster than those in the unrelated condition. There was also a main effect of RELATEDNESS on the error data, F subj (1, 18)09.3, p0.007; F itm (1, 359)06.98, p0.009, with a higher error rate to targets in the unrelated condition than in the related condition. There was no effect of PRIMETYPE (p.05) and no interaction between PRIMETYPE and RELATEDNESS (p.3) in either the reaction time or the error data analyses, indicating the priming effect*the difference between related and unrelated items*did not differ across conditions. The lack of a main effect of PRIMETYPE confirms that the design*in which all unrelated primes in one list were used as related primes in another list*was an effective counterbalancing measure. 
Electrophysiological data
N250 time window. The N250 was analysed between 200 and 300 ms after target onset. We found a main effect of RELATEDNESS [Midline: F(1, 18)011.9, p0.003; Lateral Column 1: F(1, 18)013.2, p0.002; Lateral Column 2: F(1, 18)09.2, p0.007; Lateral Column 3: F(1, 18)07.2, p0
.015] with responses to targets in the unrelated condition being more negative than those in the related condition. We also found a significant RELATEDNESS by ELECTRODE SITE interaction at Lateral Column 2, F(3, 54)04.05, p0.048. The interaction was marginally significant at the midline, F(4, 72)03.6, p0.065, and at lateral column 1, F(2, 36)03. Only in the analyses of sites at Lateral Column 2 was there a RELATEDNESS by PRIMETYPE by ELECTRODE SITE interaction, F(6, 108)03.6, p0.03, due to a significant effect for targets preceded by derived and pseudocomplex primes at posterior sites [Derived: p CP5/CP6 0 .04; p P3/P4 0.005; Pseudocomplex: p P3/P4 0.007] but not for orthographic primes. There were no other significant interactions involving the factors PRIMETYPE or RELATEDNESS (all ps.05; Figure 7 and 8).
Summary of results
As in Experiment 1, we found significant priming effects in both the N250 and N400 time windows, with responses to targets following unrelated primes being more negative than those following all related primes (derived, pseudocomplex, and orthographic). This is in line with the behavioural data that also showed significant priming effects for all prime types with faster response times and lower error rates for all related targets compared to their unrelated controls. However, in this experiment, with more appropriate control conditions, there was also evidence for greater priming effects for targets preceded by derived and pseudocomplex primes relative to orthographic primes in the N400 epoch at lateral posterior electrode sites.
GENERAL DISCUSSION
Previous findings of robust morphological priming effects for semantically opaque and pseudoderived words in a masked priming paradigm suggest that there is a form of morphological decomposition that is based on orthographic rather than semantic information (Gold & Rastle, 2007; Lavric, Clapp, & Rastle, 2007; Longtin, Segui, & Halle, 2003; McCormick et al., 2008; Rastle et al., 2000 Rastle et al., , 2004 . Furthermore, there is a growing consensus that such morpho-orthographic decomposition occurs prelexically, prior to contact with whole-word orthographic representations during the recognition of morphologically complex words. Perhaps the clearest evidence in support of this was provided by Longtin and Meunier (2005) , who demonstrated that in French, complex nonwords (e.g., rapidifier) primed their embedded stems (e.g., rapide) as effectively as true derived words (e.g., rapidement). Furthermore, nonwords consisting of an embedded word and a nonsuffix ending (e.g., rapiduit) did not facilitate recognition of the embedded word as a target.
The present study provided a further exploration of the key findings reported by Longtin and Meunier (2005) using the increased sensitivity of ERP recordings. Contrary to Longtin and Meunier, however, in the two experiments reported here we found statistically equivalent behavioural priming for derived word primes (flexible-flex), complex nonword primes (flexify-flex) and simplex nonword primes (flexint-flex). The key divergence Figure 8 . The spatial distribution of the priming effects found in the N250 and N400 time windows at the scalp surface for the derived (top), pseudocomplex (middle), and orthographic (bottom) conditions in Experiment 2. These maps were formed from difference waves calculated by subtracting each related condition from the corresponding unrelated condition. At the bottom of the figure is depicted the difference waveforms for unrelated minus related targets for the derived (solid line), pseudocomplex (dotted line), and orthographic (dashed line) conditions at electrode site Pz.
with respect to Longtin and Meunier's results is our finding of priming with simplex nonwords, a condition that generated no priming in their experiments. Furthermore, the ERP results were basically in line with the pattern of behavioural priming effects in the present study; there were robust priming effects that did not differ as a function of the priming manipulation. However, in Experiment 2, there was some evidence for the pattern of priming effects reported by Longtin and Meunier (2005) in the N400 time window, with priming effects only being significant for complex primes (derived and pseudocomplex), and not simplex primes (orthographic), at lateral posterior electrode sites.
Concerning the behavioural data of the present study, there are two key divergences with respect to prior behavioural results that need explaining. The first concerns our failure to replicate the behavioural results of Longtin and Meunier (2005) . One explanation for this discrepancy may lie in the nature of the stimuli used in the two studies. In our stimulus set the target was always fully contained in the prime (e.g., flexify-FLEX). However, in the stimulus set used by Longtin et al., the orthographic overlap between primes and targets was not always complete (e.g., chambrage-CHAMBRE). The two studies taken together suggest that complex nonword primes with incomplete overlap prime their targets (chambrage-CHAMBRE), while simplex nonword primes with incomplete overlap do not (chambrour-CHAMBRE). On the other hand, simplex nonword primes with complete overlap (e.g., cornire-CORN) prime their embedded targets as much as do complex nonword primes with complete overlap (e.g., cornity-corn). For simplex primes, therefore, it appears that complete overlap is required to activate the embedded target string.
In line with this reasoning, in a recent study McCormick, Rastle, & Davis (2008) showed that the morphological decomposition process can handle the regular orthographic alterations found in complex words, such as a missing final ''e'' as in ''adorable'', a shared final ''e'' as in ''baker'' or final consonant doubling as in ''runner''. The data of Longtin and Meunier (2005) suggest that this process also works with morphologically complex nonwords. However, for simplex nonword primes and partially overlapping embedded targets, the target is not recognised as a stem, and therefore the process that allows the recognition of underspecified stems is not triggered, and there is no priming. In contrast, for simplex nonword primes with complete stem overlap (cornire-CORN), the presence of all the letters of the target embedded in the prime is enough to activate the whole-word representation of the embedded target.
The second discrepancy with respect to prior behavioural research concerns the fact that in prior research there was no hint of priming from simplex primes when the prime was a real word (e.g., scandal-SCAN). This influence of the lexical status of prime stimuli is predicted by the model presented in Figure 1 . It is the lateral inhibitory connections between wholeword representations that cancel the bottom-up facilitation from prime words such as ''scandal'' when processing the embedded target word, such as ''scan'' in ''scandal''. Such inhibition is not present (or present to a lesser extent) when prime stimuli are nonwords, hence allowing bottom-up facilitatory processes to influence behaviour.
In line with the model presented in Figure 1 , in the present study priming effects from complex nonwords were practically the same as the effects found with real derived words, in the behavioural data and both the N250 and N400 ERP components. Within this theoretical framework, this result suggests that any advantage in segmenting true derived words compared with complex nonwords, due to prior experience with such stimuli, for example, is offset by the lateral inhibition between whole-word representations for the stem and the derived word. However, given that there was no evidence in the N250 component for an early advantage for the derived word primes in the present study, the simplest interpretation for this pattern of effects is that prelexical segmentation operates irrespective of lexical status, and therefore that there is little or no lateral inhibition between the wholeword representations of the derived word and its stem.
Although the model presented in Figure 1 predicts priming by simplex nonword primes, just as we found, it also predicts that complex nonword primes should be more effective than simplex nonword primes, given the presence of prelexical morpho-orthographic segmentation for the former but not the latter. Simplex nonwords should only be able to prime their stems through shared representations at the orthographic or letter level, whereas complex word and nonword primes should also be able to do so via the shared representations at the morpho-orthographic level, leading to a differential priming effect for morphologically simplex vs. complex primes. Although we did not find evidence for differences due to morphological structure in the N250 ERP component, we did find some evidence for differential priming effects at lateral posterior electrode sites in the N400 component, where both derived and pseudocomplex*but not the simplex* primes generated a significant priming effect. Within the interpretative framework provided in Figure 2 , this particular result suggests that although prelexical morpho-orthographic segmentation may have little influence on the efficiency of prelexical processing per se, it can have a significant influence on the subsequent mapping of word form representations onto meaning.
The pattern of priming effects seen in the N250 component in the present study is in line with the model outlined in Figure 1 , in that feed-forward prelexical morpho-orthographic segmentation processes operate independently of lexical status and semantic transparency. The N250 is thought to reflect the mapping of prelexical representations onto whole-word representations (Grainger & Holcomb, 2009; , and therefore should be sensitive to the relative difficulty of morphoorthographic segmentation. The results of the present study also suggest that fully embedded words in simplex nonword primes generate activation in the corresponding whole-word representation with the same level of efficiency as when morpho-orthographic decomposition has occurred. In other words, the fact that there is an additional process of morpho-orthographic segmentation for complex compared with simplex primes does not necessarily affect the ease with which prelexical orthographic representations are mapped onto the whole-word representation of the embedded stem. Our results suggest that this occurs just as efficiently for simplex as for complex nonwords. Our prior research, however, has shown that the N250 component is sensitive to processing differences between transparent derived word primes (e.g., farmer-FARM) and opaque primes (corner-CORN). According to the model presented in Figure 1 , this would be due to the greater amount of lateral inhibition operating in the case of opaque word primes. Lateral inhibition between whole-word orthographic representations (e.g., between ''corner'' and ''corn'') would affect the efficiency of mapping of prelexical orthographic representations onto whole-word representations.
In a similar vein, it is the presence of lateral inhibitory connections between whole-word orthographic representations that enables our model to accommodate prior evidence for semantic transparency effects on the N400 component (Morris et al., 2007) . This does not arise in the present study (i.e., no observable difference between the true complex primes and the pseudocomplex primes) because nonword prime stimuli are not subject to the effects of lateral inhibition to the same extent as real word primes. In other words, activation of the whole-word representation of corner, following presentation of this prime word, will interfere in the mapping of form to meaning when processing the target word corn, whereas there is no such interference when the prime is a nonword (cornity).
SUMMARY
In the two experiments of the present study, the overall pattern of effects seen in the behavioural results and both major negative-going ERP components (N250, N400) revealed statistically equivalent priming for true derived word primes (farmer-FARM), complex nonword primes (cornity-CORN), and simplex nonword primes (cornire-CORN). The only evidence for differential priming as a function of morphological structure was found in the lexical decision error rates of Experiment 1 and the ERP data at lateral posterior electrode sites in Experiment 2. The unusually strong priming effects found with the simplex nonword primes in the present study, as opposed to the findings of prior research using simplex nonwords and words, can be attributed to the fact that all our targets were completely embedded in the prime stimuli as well as the reduced lexical inhibition that arises with nonword as opposed to real word primes. The fact that there was some evidence for greater priming with complex as opposed to simplex primes in the N400 ERP component and not the N250 component, suggests that efficiency of prelexical processing per se is not influenced by morphological complexity, but rather the efficiency of mapping form representations onto meaning. readable  readal  readint  2  clear  clearance  clearous  clearave  2  exist  existence  exister  existint  2  amuse  amusement  amuseness  amusenth  2  enjoy  enjoyment  enjoyic  enjoyapse  2  alert  alertness  alertity  alertnore  2  black  blackness  blackity  blackact  2  eager  eagerness  eagerer  eagerel  2  fit  fitness  fitment  fitact  2  mad  madness  madable  madint  2  raw  rawness  rawor  rawne  2  stiff  stiffness  stiffment  stiffint  3  clinic  clinical  clinicer  clinicel  3  fanatic  fanatical  fanaticer  fanaticis  3  ironic  ironical  ironicer  ironicel  3  music  musical  musicer  musicapse  3  origin  original  originer  originel  3  tropic  tropical  tropicer  tropicave  3  blow  blower  blowity  blowis  3  build  builder  buildness  buildis  3  camp  camper  campous  campire  3  count  counter  countal  countir  3  dress  dresser  dressant  dressire  3  farm  farmer  farmant  farmnore  3  grow  grower  growal  growact  3  hunt  hunter  huntal  huntmane  3  labor  laborer  laborery  laborel  3  mark  marker  markness  marknore  3  peel  peeler  peelant  peelave  3  preach  preacher  preachage 
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